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Abstract—This work presents a novel approach to robotic
bipedal walking. Based on the bipedal spring-mass model,
which is known to closely describe human-like walking be-
havior, a robot has been designed that approaches the ideal
model as closely as possible. The compliance of the springs
is controllable by means of variable stiffness actuators. The
controllable stiffness allows the gait to be stabilized against
external disturbances.
I. INTRODUCTION
Humans are excellent walkers, able of energy efficient
locomotion and quick adaptation to different terrains. This is
achieved by a complicated musculoskeletal system, compris-
ing many muscles, tendons and joints. However, it was shown
in [1] that the human gait can be accurately modeled by a
relatively simple bipedal spring-mass model. In particular,
the model explicitly allows for a double support phase
and reproduces the ground reaction force profiles that are
observed in human walking gaits. Moreover, it was shown
that the model encodes a variety of passive gait patterns,
including running. In a more detailed study, presented in
[2], it was shown that a large subset of the possible gaits are
asymptotically stable, and that these gaits have a relatively
large basin of attraction.
In [3], we proposed to extend the bipedal spring-mass
model with variable compliance in the legs. By making the
leg stiffness controllable, a control input is made available
that can be used to stabilize a desired gait. Because the
passive gaits are stable and locally attractive, control input
is only required to converge to a neighborhood of the gait.
Then, once convergence is achieved, no additional control is
required to sustain the gait.
In this work, we describe the realization process of a
bipedal walking robot, based on the principles of the bipedal
spring-mass model with variable compliant legs.
II. THE BIPEDAL SPRING-MASS MODEL
Fig. 1a schematically depicts the bipedal spring-mass
model. It consists of a point mass m, and two massless tele-
scopic springs with rest length L0 and controllable stiffness
ki = k0 + ui, i = 1, 2. During the transition from single
support to double support, the former swing leg is assumed
to touch down at an angle α0. For appropriately chosen
parameters m,L0, k0, α0 and initial conditions q(0), q˙(0), the
model will show a stable passive (ui ≡ 0) gait trajectory q(t).
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Fig. 1. Ideal model of the bipedal walker—The legs are compliant, and the
stiffness can be invidually controlled by a control input ui. The trajectory of
the hip is denoted by q(t), and it determines the transitions between single
and double support phase by intersections of the surface S . A single step
begins and ends at the VLO, at which a relabeling of the legs takes place,
making q1 a cyclic variable.
ends when the system is in Vertical Leg Orientation (VLO),
in which the hip is exactly above the supporting leg in the
single support phase. The transition to the double support
phase is determined by the parameters α0 and L0, i.e. the
angle at which the swing leg touches the ground and the rest
length of the telescopic spring respectively. After each step,
the legs are relabeled, making q1 a cyclic variable.
Considering that the leg stiffness can be written as k0 +
ui, i = 1, 2, it can be easily verified that the force generated
by the spring during the single support phase is given by:
Fs1 = Fs1,0 + Fs1,u,
Fs1,0 = k0
(
L0
L1
− 1
)[
q1
q2
]
Fs1,u =
(
L0
L1
− 1
)[
q1
q2
]
u1
(1)
where L1 =
√
q21 + q
2
2 is the length of the leg. During the
double support phase, both legs exert a force on the hip mass.
The additional force is given by:
Fs2 = Fs2,0 + Fs2,u,
Fs2,0 = k0
(
L0
L2
− 1
)[
q1 − a
q2
]
Fs2,u =
(
L0
L2
− 1
)[
q1 − a
q2
]
u2
(2)
where a denotes the touchdown point of the former swing
leg and L2 =
√
(q1 − a)2 + q22 is the length of this leg.
In addition to the forces exerted by the springs, the hip
mass is also subject to the gravitational acceleration g0. By
rearranging (1) and (2), the complete dynamics of the system
can be written as:[
m 0
0 m
] [
q¨1
q¨2
]
+
[
0
mg0
]
− Fs0 (q) =
2∑
i=1
Bi(q)ui (3)
where Bi collect the Fsi,u terms and we take L2 ≡ L0 when
the system is in the single support phase. By introducing
z = (q, q˙) the system dynamics (3) can be written in the
compact standard form
z˙ = f(z) +
2∑
i=1
gi(z)ui (4)
where (z1, z2, z3, z4) := (q1, q2, q˙1, q˙2).
B. Stabilizing Controller
Given the system dynamics (4), a stabilizing controller
has been designed. The reference for this controller is one
of the stable autonomous gaits that the system exhibits
in the absence of control input. In particular, given such
an autonomous gait, it can be parameterized by the cyclic
variable q1, which allows a complete description of the
desired gait by the two reference functions (q∗2(q1), q˙∗1(q1)).
The function q∗2(q1) describes the desired hip height and
q˙∗1(q1) its desired forward velocity.
The reference functions can be redefined in terms of z as
z∗2(z1) := q
∗
2(q1), z
∗
3(z1) := q˙
∗
1(q1)
Then, two error functions can be defined as follows:
h1 = z2 − z∗2
h2 = z3 − z∗3
(5)
The system is fully actuated during the double support phase,
but underactuated during the single support phase. Therefore,
a switching controller is designed that achieves convergence
to a neighborhood of the desired gait. In particular, the
following control inputs were proposed in REF :
• During the single support phase,
u1 =
1
Lg1Lfh1
(−L2fh1 − κdLfh1 − κph1) (6)
and u2 ≡ 0;
• During the double support phase,[
u1
u2
]
= A−1
[−L2fh1 − κdLfh1 − κph1
−Lfh2 − κvh2
]
(7)
with
A =
[
Lg1Lfh1 Lg2Lfh1
Lg1Lfh2 Lg2Lfh2
]
where L2fhi, Lfhi and LgjLfhi are the (repeated) Lie-
derivatives of the error functions hi, defined in (5), along
the vector fields defined in (4), and κd,κp,κv are constants.
This controller achieves:
lim
t→∞ h1(t) = 0
and, for some ε > 0,
lim
t→∞ |h2(t)| < ε
These properties are proven in REF .
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Fig. 1. The bipedal spring-mass model a d the prototype realization.
In [3], we proposed a stabilizing controller that renders a
passive desired gait stable against external disturbances by
controlling the leg stiffness ki. The control law significantly
increases the robustness of the gait. In particular, it was
shown that the controller is successful in dealing with dis-
turbances such as swing leg dynamics and impact forces that
occur when legs with non-negligible mass are considered.
III. REALIZATION OF THE ROBOT
Currently, a robot is built that approaches the ideal bipedal
spring-mass model as closely as possible. The bulk of the
mass is located closely to the hip joint, while the legs are
made of lightweight carbon fiber tubes. The stiffness of the
legs is controll d by the nov l vs UT-II variable stiffness
actuator [4]. Fig. 1b shows a CAD rendering of the prototype.
Currently, experiments with the prototype are under devel-
opment, with the aim of validating the simulation results. In
particular, the tests are designed to sho that the variable
stiffness actuation increases the robustness sufficiently to
stabilize the gait of the walker.
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